In superconductors, localized quasi-particle states at the boundaries such as magnetic vortices and superconducting/non-superconducting (S/N) interfaces, can provide critical information on electron pairing. As for conventional s-wave superconductor, there are so called As the double-gapped superconducting spectrum was commonly observed [12, 18] , we shall examine its origin. For single-layer FeSe/SrTiO3, there are two electron pockets on each M point in the folded Brillouin Zone (BZ) (Fig.1(e) ), and there could be finite band hybridization between them ( Fig.1(f 
Progresses are only achieved recently in the iron-based superconductor Fe(Te,Se) [5~7] and (Li,Fe)OHFeSe [8, 9] , in which discrete vortex states accompanied by a zero-bias conductance peak (ZBCP) were observed. In particular, quantized conductance of the ZBCP has been observed in (Li,Fe)OHFeSe [9] , indicating its topological nature and the presence of Majorana zero mode. Meanwhile, zero-energy or dispersive Andreev bound states (ABS) at S/N boundaries are expected for sign-changing or topological superconductors [10, 11] , but not for s-wave superconductors. Nonetheless the detection of ABS relies on clean S/N boundaries and well resolved gap spectrum, which are non-trivial in practice.
Single-layer FeSe on SrTiO3 probably has the highest TC (≥65K) among all the iron-based superconductors [12~19] . Its pairing symmetry is thus of great importance [20] . Previous STM study has suggested a plain s-wave pairing in FeSe/SrTiO3 from impurity effect and quasiparticle interference (QPI) [18] . Nonetheless, a recent theoretical work shows a nodeless dwave pairing is possible if there is band hybridization induced by small spin-orbit coupling (SOC) [21] . Moreover, since calculations did not show topological band structure near the Fermi level of single-layer FeSe/SrTiO3 [22] , it thus serves as an important counterpart of the topologically non-trivial (Li,Fe)OHFeSe [8] and Fe(Se,Te) [23, 24] . Examining the vortex states of FeSe/SrTiO3 would provide information on both the pairing symmetry and factors for the presence/absence of Majorana zero mode.
Here we report a low-temperature STM study on the vortex states and S/N boundaries of single-layer FeSe/SrTiO3(100) film. We observed multiple discrete CdGM states with energies of E=μ(δE), where μ is a half integer and δE = 2 /E F . Quantitatively, δE can be accounted by an anisotropic superconducting gap with a mean size of Δ0, which also explains the double coherence peaks in the tunneling spectrum. Our detailed model calculation show the observed CdGM states agree with plain s-wave pairing but disfavors d-wave pairing. This is further supported by the observation of full superconducting gap at both [110] (Fe) oriented 1 ML/2 ML FeSe boundary and atomic step edge of 1 ML FeSe. Our results provide critical information on the pairing in this remarkable interfacial superconductor, and suggest the importance of out-ofplane coupling in realizing topological superconductivity in iron-based superconductors.
The FeSe films were grown by co-evaporating selenium (99.999%) and iron (99.995%) (flux ratio ~10:1) on Nb(0.5%) doped SrTiO3(001) substrate at 400℃, and post-annealed at 500℃ to improve the crystallinity. STM measurement was conducted in a cryogenic STM (UNISOKU) with a base temperature of 0.4 K. The energy resolution and bias voltage offset of the system are calibrated (see part I of Supplementary Materials (SM)). Pt/Ir tips were used after treatment on Au(111) surface. dI/dV spectra were obtained by standard lock-in technique with modulation frequency f = 714Hz. Fig. 1(c) ). Under a vertical magnetic field of B=10T, vortices show up in the zero-bias dI/dV mapping of 1ML FeSe region ( Fig. 1(d) ). Some of the vortices are pinned by surface defects, as indicated by arrows in Figs. 1(b) and 1(d); while the others are "free" vortices that are not affected by defects (marked by numbered circles). The spectrum in Fig. 1(c) was taken over the same region where vortex 1 sits when field is applied. Detailed measurements of the gap of free vortex regions are shown in part II of SM. As the double-gapped superconducting spectrum was commonly observed [12, 18] , we shall examine its origin. For single-layer FeSe/SrTiO3, there are two electron pockets on each M point in the folded Brillouin Zone (BZ) ( Fig.1(e) ), and there could be finite band hybridization between them ( Fig.1(f) , on which the nodeless d-wave pairing relies [21] ). So far various ARPES studies have discovered significant gap anisotropy on single electron pocket, however hybridizations have not been observed within the experimental resolution [17, 19] .
Here we find that the measured anisotropic gap function by ARPES in Ref. 19 :
could account for our double-gapped spectrum. As illustrated in Fig. 1(g) , such a gap function produces two local gap maxima of Δ2 (= Δ0+A+B) at θk = π/2, and 3π/2, and Δ1 (= Δ0−A+B) at θk = 0, and π, which generate two pairs of coherence peaks in dI/dV; while Δ0 is the mean gap over the Fermi surface. The red curve in Fig. 1(c) is a corresponding fit, which yields Δ0 = 10.58 meV, A = 3.25 meV and B = 2.87meV. Details of the fitting procedure are described in part III of SM. near the core center. These peaks locate symmetrically with respect to EF, but no ZBCP is observed. Fig. 2 (e) shows the spatial evolution of the spectra in a color plot. Discrete states can be seen within a ±2 nm range around the center and vanish outside; meanwhile, a pair of broader peaks show up at higher energies (shaded regions in Fig. 2(a) ). Those broader peaks keep moving to high energy and eventually merge into the coherence peaks. Similar behaviors were observed on another free vortex ( Fig. 2(b) , Vortex 2). Therefore, we resolved both discrete low-energy states and quasi-continuous high-energy states in single-layer FeSe, for its large gap, small EF, and high resolution here.
Nonetheless, the energy spacing δE varies from 1.1 meV to 1.9 meV for different vortices, likely due to superconducting gap variations. meV from our previous QPI study [18] ). A linear fit of (a 0 ) 2 /E F to δE yields a = 0.95(±0.14) ( Fig. 2(g) ). Therefore, a single anisotropy gap can account for both superconducting gap spectrum and the CdGM states, band hybridization is not necessarily involved here. For nodeless d-wave pairing, finite SOC must be present to avoid band crossing ( Fig. 1(f) ). two sets of CdGM states (from the two hybridized bands), with energies shifted to opposite direction away from EF. We further found such energy shift is of the similar amount of λ, as shown in Fig. 4(d) . A simple understanding is that for nodeless d-wave which relies on hybridization, the SOC acts as a shift of "chemical potential" for Bogoliubov-de Gennes (BdG) quasiparticles [21] , which will directly shift vortex states (see part V of SM for more discussion).
However, this contradicts our experimental observations of symmetrically distributed and equally spaced CdGM states within an uncertainty ≤ ±0.02 meV (see Tab. In the FeSe film presented in Fig. 2 Fig. 1(f) ). Fig. 5(c) shows a dI/dV line cut taken across such a boundary, with a spatial interval of 0.6 nm (marked in Fig. 5(a) ). The gap of 1ML FeSe, with flat and zero-DOS bottom, keeps untouched until very close to interface (≤1 nm); then the gap quickly disappeared at the interface and shows a metallic DOS on the 2ML FeSe side. There is no ZBCP formed at both sides of the interface. Fig. 5(b) ). The majority of the spectra show a full superconducting gap with flat bottom; while some spectra occasionally show irregular in-gap states (e.g. spectra 2, 5, 6). Since a discontinues step edge is more easily to have local disorders and defects, the fully gapped spectrum is likely the intrinsic feature on the step edge while the in-gap states are generated by local disorders.
Overall, there is no zero-energy ABS or intrinsic in-gap states on both types of [110] oriented boundaries, which disfavors d-wave or other sign-changing pairings, but is consistent with the plain s-wave pairing. Our studies of CdGM states and boundary states provide unambiguous and independent evidences on the s-wave pairing in single-layer FeSe/SrTiO3. This clarifies the current controversy on its pairing symmetry, and is consistent with recently proposed cooperative pairing enhancement scenario [16, 26] . Moreover, our results provide insight for the fastdeveloping field of topological superconductivity in iron-based superconductors. Interlayer coupling has been shown to create band inversion and topological surface states in Fe(Se,Te) [23, 24] and (Li,Fe)OHFeSe [8] , which eventually leads to possible Majorana zero modes. For
FeSe/SrTiO3, a 2D system, the absence of ZBCP in vortex core and the absence of in-gap features at 1D boundaries in our data show that it is likely topologically trivial, although recent studies show that there is a SOC-induced gap below EF at M points [22, 27] . Therefore, our results further suggest that interlayer coupling is a prerequisite for topological superconductivity of iron-based superconductors. 
I. Calibration of STM energy resolution at T = 0.4 K and bias voltage offset.
The energy resolution of a low-T STM is limited by thermal and electrical noise broadening. It can be estimated by 3.5kBTeff where Teff is the effective electron temperature. To calibrate Teff, we measured the superconducting gap of a Pb/Si(111) film at T = 0.4 K, as shown in Fig. S1(a) . A standard BCS fit gives Δ = 1.39 meV, Teff = 1.18 K and a small Dynes term Γ = 0.005 meV that accounts for finite quasi-particle lifetime. The energy resolution of the STM is then given by 3.5kBTeff = 0.36 meV.
The STM bias voltage (Vb) applied to the sample usually has a small offset. This offset will affect the determination of the energy position of the CdGM states, and thus should be carefully corrected. The actual zero-point of Vb can be calibrated by measuring I-V curves at different setpoint current, because they intersect at a single point where V = 0 and I = 0. Fig. S1(b) shows such I-V measurement at a free vortex core and the zero-point of Vb can be determined with a precision of ± 0.01 meV. Fig. S1(c) show the dI/dV measured at the same position. Clearly, the CdGM states are distributed symmetrically with respect to EF (with a precision of ± 0.02 meV), and there is no ZBCP. All the dI/dV curves throughout the paper are calibrated by the same way. 
II. Additional data of superconducting gap spectra taken across free vortex cores (in defect-free area)
The superconducting gap spectra taken across the area where Vortex 1~4 appear are shown in Fig. S2 . 
III. Fitting the superconducting gap of 1 ML FeSe/SrTiO3
According to the ARPES measurement in Ref. 18 , the superconducting gap distribution on a single electron pocket of 1 ML FeSe/SrTiO3 can be described by an anisotropic gap function:
where Δ0, A and B are positive parameters, and tg(θk) = ky/kx. Such gap function will produce two local gap maxima of Δ2 (= Δ0+A+B) and Δ1 (= Δ0-A+B) at θk = π/2 and θk = 0 (respectively), and a gap minimum of Δmin (=Δ0-B) at θk = π/4, as sketched in Fig. 1(g 
where Γ is a broadening factor due to finite quasi-particle lifetime. The total tunneling conductance is then given by:
where f ' (E) is the derivative of Fermi-Dirac function at an effective temperature (T ′ ) which also accounts for the broadening of the spectrum.
The measured gap spectrum usually has a sloping background, as shown in Fig. 1(c) and Fig. 3(f) . The DOS at positive energy is always higher. Such particle-hole asymmetry is possible due to the relatively shallow band (or small EF) of 1 ML FeSe/SrTiO3. Therefore before fitting, we subtract a linear background from the original dI/dV to reduce the line-shape asymmetry, e.g., as that shown in Figs. S3(a~b) for the gap of vortex 1. Then gap fitting is applied by using above formula (red curve in Fig. S3(b) ). Since the simulated gap is symmetric with respect to EF, it better matches the symmetrized dI/dV spectrum, as shown in Fig. S3(c) . In Figs. S3(d~f) , we show the slope subtracted and symmetrized gap spectrum of Vortex 2~4 and the corresponding gap fittings (red curves). The fitting parameters are listed in Tab. S2. Symmetrized gap spectra of vortices 2~4 after slope subtraction (raw spectra are shown Fig. 3f) , respectively, and the corresponding gap fittings (red curves).
IV. Multiple Gaussian function fitting of CdGM bound states
To give quantitative analysis on the CdGM states, we fit the summed spectra near the centers of Vortex 1~4 with multiple Gaussian peaks. The fitting curves are shown in Figs. 3(a~d) and the fit parameters are summarized Table S1, including the peak energy and peak width (FWHM). The fitting error (95% confidence bound) are listed following the main value. Within our resolution, the fitted peak energies locate symmetrically with respect to EF. In the last column of Table S1 , we show the degree of "asymmetry" of the E±1/2 peaks which have the smallest fitting error. The asymmetry is defined by (E1/2+E-1/2)/2 and is <=0.02 meV for all the vortices.
We note the fitted peak width (full-width at half-maximum or FWHM) is in the range of 0.46 -0.81 meV for E±1/2 states and 0.52 -1.8 meV for E±3/2 states (see Tab. S1), which are still larger than the energy resolution here (0.36 meV). It could be partially due to the gap anisotropy as discussed above, and partially due to the finite quasi-particle scattering effects, as the lowenergy states are always sharper. 
V. Vortex states simulated by a two-band model of 1 ML FeSe/SrTiO3
In this section we simulate the vortex core states of 1ML FeSe/SrTiO3 under both nodeless d-wave pairing and plain s-wave pairing, using a two-band model. The electronic structure of 1ML FeSe/SrTiO3 has two electron pockets at M. Before they are folded into the reduced 2Fe/cell Brillouin zone, they can be viewed as a pocket around X and another around Y in the 1Fe/cell Brillouin zone. Upon folding, the two pockets intersect, as shown in Fig. S4(a) . Following Ref. 21 we adopt a k·p model and compactify it on a lattice. This is sufficient to describe the low energy quasi-particles. The normal-state single-particle Hamiltonian is, in momentum space,
Henceforth, 1,2,3 are Pauli matrices acting on the two effective orbitals, and 1,2,3 are Pauli matrices acting on spins. Agterburg et al. proposed that in the continuum limit [21] :
where m is the effective mass, and α and β are coefficients. The above form of h k takes proper account of the symmetry of the effective orbitals at the M point near the Fermi level. We rotate the coordinate frame (by 45 o about z) and spin axis independently, so that
with modified coefficients. Notice that rotation of the spin axis by constant Euler angles does not alter the singlet pairing. The advantage of the rotated h k is an emergent superficial C4v symmetry, with the two orbitals behaving effectively as xz and yz. (Notice that the resulting Fermi pockets are elongated along x and y in the new frame.) We then compactify the model on a lattice, with
where t' accounts for the Fermi pocket anisotropy, and λ measures the strength of the spinorbital coupling (SOC). We set t =1, μ = -3.63t (or E F = 0.37t) and t'=0.125t to have shallow electron pockets mimicking the experimental situation, as shown in Fig. S4(c~d) . By comparing the Fermi energy of model and that of experiment, we can think t = 1 roughly corresponds to 135meV. Ref. 19 sets the upper limit of the SOC of 1 ML FeSe/SrTiO3 to be 5 meV (limited by its resolution). Therefore in the calculation we set λ ≤ 0.03t (~4 meV). A further advantage of the rotated hk arises after the compactification: the symmetric hopping integrals, the d-wave like anisotropy and the SOC can all be defined on nearest-neighbor bonds. Then we consider the nodeless d-wave pairing proposed in Ref. 21 . In such a case, there is a full gap on both pockets, but with a sign change. One may worry that upon hybridization, the energy gap on the reconstructed bands, illustrated in Fig. S4(b) , would have to be nodal. However, this does not have to be so if the hybridization is from SOC, as shown in Ref. 21 . We now ask how the nodeless d-wave would impact on the vortex bound states. We write the pairing part of the Hamiltonian as, in momentum space (for the uniform case),
] is 2 where Δ 1 is the onsite part, with opposite phase on the two bands before reconstruction, see Fig. S4(a) for illustration, Δ 2 is the amplitude of d-wave pairing on nearest bonds, and is2 is the spin antisymmetric tensor accounting for singlet pairing (note the definitions of Δ 1 and Δ 2 here are different from those in the main text). Note that σ3 transforms as d-wave under rotation, hence both components in the gap function behave as d-wave. The resulting pairing gap is nodeless if |Δ 1 |>4|Δ 2 |. Since Δ 2 leads to gap variation on the Fermi surface, which is weak in experiments (about 20% from ARPES), we ignore Δ 2 for the moment and set Δ 1 = 0.07t (we verified that including this part does not alter the results qualitatively). By writing Δ k in real space with the non-uniform pairing in a vortex state, we can calculate the local density of states (LDOS) along a line cut approaching the vortex core.
In Fig. S6(a~f) we show the simulation for nodeless d-wave with λ varies from 0.005t to 0.03t. Remarkably, they all display two sets of CdGM state with energies shifted away from EF (towards opposite direction), and the energy shift is of similar amount of SOC.
Phenomenologically, this can be understood as that for nodeless d-wave pairing, SOC directly enter the Bogoliubov-deGennes(BdG) equation which determines the quasiparticle dispersion [21] . It acts as a shift of "chemical potential" for BdG quasiparticles and then directly shifts the peak position of the vortex states, as E = (μΔ 2 /E F ) ± (where "+" and "-" sign apply to two different bands, respectively). Compare to the case of s-wave pairing, such energy shift or splitting is much more significant. However, in STM study we always observe symmetrically 
